We have realized an integer quantum Hall system with superconducting contacts by connecting graphene to niobium electrodes. Below their upper critical field of 4 tesla, an integer quantum Hall effect coexists with superconductivity in the leads, but with a plateau conductance that is larger than in the normal state. We ascribe this enhanced quantum Hall plateau conductance to Andreev processes at the graphene-superconductor interface leading to the formation of so-called Andreev edge-states. The enhancement depends strongly on the fillingfactor, and is less pronounced on the first plateau, due to the special nature of the zero energy Landau level in monolayer graphene.
oscillations observed with normal (N) contacts. 3 Using niobium as a superconductor to contact an InAs based 2DEG, it has proven difficult to reach a regime of small filling factor with clearly developed edge-states and the electrodes still in the supercondcuting state. Using niobium nitride, which has a higher critical field B c2 , only a very small conductance enhancement compared to the normal state could be observed. 1 Similar to the zero-field case, 10 theory predicts a doubling of conductance for a perfect 2DEG-S interface in the quantum Hall regime, 7 although the electron trajectories are fundamentally different. An electron hitting the 2DEG-S interface will, similar to the zero field case, perform an Andreev reflection, forming a Cooper pair in the superconductor and retroreflecting a hole into the 2DEG. As the retroreflected hole, which was created by Andreev reflection, lives in the same band as the impinging electron, it has, in addition to carrying the opposite charge, also an effective mass of opposite sign. As a consequence of this, it performs a cyclotron motion around the magnetic field vector in the same sense as the electron (1d). This gives rise to the formation of a so called Andreev edge state, 7 that propagates along the 2DEG-S interface and consists, in a quasi-classical picture, of alternating electron and hole orbits. For an interface with weak disorder and a small Fermi wavelength mismatch, strong conductance oscillations as a function of magnetic field have been predicted due to interference between the electron and hole parts of the Andreev edge-states. 7, 8 At certain values of B however, the maximum conductance of the ideal interface should still be reached.
In this letter we report on the realization of S-graphene-S devices based on niobium contacts.
Having a high upper critical magnetic field B c2 of around 4 T, the niobium contacts stay superconducting when the graphene enters the quantum Hall effect regime, clearly evidenced by several quantum Hall plateaus that are visible in a Landau level fan plot. We observe that the conductance in the plateau states is enhanced above the quantized value in the normal state, and we argue that this enhancement is due to Andreev reflections at the graphene-S interface.
Monolayer graphene was prepared by mechanical exfoilation onto highly doped Si-substrates with 300 nm of thermal oxide. Appropriate flakes were located relative to predefined markers, the number of layers was determined by optical contrast, and confirmed by confocal Raman spec- µm (1c). Using a teststrip of 100 µm length and 10 µm width that was deposited together with the electrodes, the transition temperature of the Ti/Nb bilayer was determined to be T c = 8.5 K (2a), only slightly below 9.25 K, the bulk critical temperature of niobium. In a second test experiment, the upper critical magnetic field at T = 2.0 K was determined to be B c2 = 4 T (2b), for the magnetic field oriented perpendicular to the film plane. The critical magnetic field showed small sample to sample variations, and increased slightly upon lowering the temperature from 2.0 K down to base temperature. To realize transparent contacts to graphene we found the thickness of the titanium contact layer to be crucial: samples with less than 4 nm of Ti showed exponentially increasing resistance for decreasing temperature. Samples were cooled down in a dilution refrigerator with a base temperature of T = 20 mK that was equipped with a two stage filtering system, consisting of π-filters at room temperature and a dedicated high-frequency filter at base temperature. 11, 12 For the Josephson current measurements shown in 3a an additional two-stage low-pass filter 13 close to the sample was used. Two terminal conductance measurements on quadratic samples were corrected for a contact resistance that was determined by matching the quantum Hall plateau conductances at B > B c2 to the values expected for monolayer graphene. 14, 15 The contact resistance for the sample shown in 4 was determined at B=5.5T, where superconductivity in the leads is suppressed and plateaus at ν =2, 6, and 10 are well developed. This normal state contact resistance was then substracted from all measured conductance values, with B above and below the critical field of the electrodes.
The conductance as a function of backgate voltage V BG is shown in 2c for a quadratic sample. The Dirac point appears close to zero gate voltage with a conductance value of G ≈ 5 e 2 /h.
We estimate the field effect mobility of this device to µ ≈ 3000 cm 2 /Vs. The quality of the processes 16 an increase of G is possible. We quantify the conductance increase by evaluating the conductance ratio G(B = 3.2 T)/G(B = 4 T) taken along cuts through 4a at constant filling factor ν (4c), where
with the gate capacitance C BG , and V CNP the position of the Dirac point on the gate voltage axis.
The two field values have been chosen because below the upper magnetic field of B = 4 T (taken to be B c2 ) the conductance starts to deviate from the quantized value and at B = 3.2 T the resistance of the teststrip (see 2b) has decreased to less than half of the normal state value. The niobium electrode is in the mixed state at this magnetic field, with magnetic flux penetrating the film in the form of flux vortices. At B = 3.2 T the vortices are sufficiently diluted, so that they do not affect Andreev processes at the graphene-S interface. Looking at the conductance change only in a narrow field range, we can also exclude a significant contribution due to the overlap between neighboring Landau levels. Going from ν = 2 to ν = 10, we see that the conductance ratio increases from a factor of 1.1 (ν = 2) over 1.4 (ν = 6) to 1.8 (ν = 10). The conductance increase is more pronounced when a larger number of quantum Hall edge-states is involved in transport.
Note that the total increase in G stays well below a factor of two, which would be the limit given by Andreev reflection on a fully transparent S-N interface, as predicted by BTK theory. 10 The conductance of a conventional 2DEG-S interface in the quantum Hall effect regime depends on several factors, including Fermi-wavelength mismatch between 2DEG and superconductor, interface barrier strength, and edge disorder. For weak disorder the scattering at a superconducting contact can be described in an effective Landauer Büttiker picture, 7-9 as indicated in
1e. An incoming electron edge-state can scatter into two Andreev-edge states with probabilities probabilities τ 2 and 1 − τ 2 , respectively. The total conductance is then given by 9
with G 0 = 2 e 2 /h. Depending on τ 1 and τ 2 , the conductance of a system with one spin-degenerate edge-state populated can take on any value between 0 and 4 e 2 /h. For strong disorder, on the other hand, Andreev edge-states are destroyed and the conductance of a 2DEG-N interface is recovered. 8 In contrast to a conventional 2DEG, where the Andreev reflected hole is retroreflected, Andreev reflection in graphene can be specular when the Fermi energy is close to the Dirac point. 17 As in this case the hole is backreflected into a different band, its effective mass has the same sign as the electron effective mass. Due to its positive charge, it now performs cyclotron motion in the opposite sense as the electron. As the phase of the hole wavefunction in then also opposite to the one of the electron, the Andreev edge-state that corresponds to the zero energy Landau level is not affected by interference between electron and hole orbits as in the case of Andreev retroreflection.
With only the zero energy Landau level populated (ν = 2), the conductance of the graphene-S interface in the quantum Hall regime only depends on the angle θ between the valley polarizations of incoming and outgoing edge-state: 18
where cos θ =ν 1 ·ν 2 , andν 1/2 are the valley polarizations of the incoming/outgoing edge-states, respectively. In our situation, incoming and outgoing egde-state run on opposite sides of the sample in opposite direction. If we assume identical edges on opposite sides, we get opposite valley polarizations (ν 1 = −ν 2 ) for in-and outgoing edge-states, which would lead to a conductance of 4 e 2 /h. According to Ref., 18 deviations from this value must then be due to intervalley scattering.
Turning to the measurements presented in 4, we see that the conductance on the first quantum Hall plateau at ν = 2 increases by a factor of 1.1 when the magnetic field is reduced to below the critical field of the electrodes. The conductance of the first edge-state is therefore only slightly enhanced above the normal state value of 2 e 2 /h, which according to Ref. 18 must be due to strong intervalley scattering. The enhancement of the total conductance by a factor of 1.4 (ν=6) and 1.8 (ν=10) when the second and third edge-state are filled, respectively, is consistent with the second and third edge-state both contributing a doubled conductance of 8 e 2 /h to the total conductance, while the conductance of the first edge-state remains roughly constant at 2 e 2 /h. Contrary to N = 0, the N = 1 and N = 2 Landau levels form valley degenerate edge-states, 19, 20 whose propagation should not be as sensitive to the structure of the graphene edges as in the case of the zero energy Landau level edge-state. In addition they are located further away from the disordered sample edges, and probably suffer less from scattering than the outer edge-state, and therefore show a stronger conductance enhancement due to Andreev reflections than the N = 0 edge-state.
In conclusion we have demonstrated monolayer graphene with superconducting contacts made from niobium. The contacts show a high critical magnetic field, that allows to enter the quantum Hall effect regime of graphene, while keeping the contacts superconducting. The superconducting proximity effect manifests itself at zero magnetic field in the form of a Josephson current, and as a marked conductance enhancement in the plateau states of the quantum Hall effect at higher magnetic fields. The conductance increase depends on the number of edge-states involved in transport.
Whereas the conductance of the first edge-state is almost unaffected by the superconductivity in the leads, the total conductance increases substantially when the second and third edge-states are populated. We think that this is due to the special nature of the zero-energy Landau level in monolayer graphene, which is composed of both electron and hole states, but is not valley degenerate on the edge. The propagation of the N = 0 edge-state will therefore strongly depend on the structure of the graphene edge, and will be strongly modified in the presence of intervalley scattering.
For clean edges, we would expect a doubling of conductance for our sample geometry, which apparently is suppressed by strong intervalley scattering, caused by a strongly disordered graphene edge. The edge-states that originate from higher Landau levels are valley degenerate and should be less sensitive to the structure of the edge and to disorder, giving a much stronger conductance enhancement due to Andreev processes than for the N=0 edge-state.
